Objective: To investigate the aerodynamic consequences of conservative unilateral inferior turbinate reduction using computational fluid dynamics methods to accomplish detailed nasal airflow simulations.
I
NFERIOR TURBINATE REDUCTION (ITR) surgery is often performed for chronic nasal obstruction attributed to refractory turbinate enlargement. Numerous techniques for ITR have been reported, 1, 2 and most studies indicate a significant rate of clinical success in improving nasal patency. The amount of tissue reduction needed to achieve positive results is uncertain. Some investigators [3] [4] [5] [6] have reported that partial turbinectomy methods are effective, whereas others 7, 8 have advocated total turbinectomy. Partial turbinectomy itself can take a variety of forms, and various surgical techniques may be used. In most ITR studies, the available outcome data consist of subjective measures of satisfaction with the nasal airway. Although these studies provide important information, the physiologic interpretation of such subjective measures is limited. Therefore, it is desirable to quantify the effects of ITR on nasal airflow and pressure-flow relationships.
The standard quantitative approach to physiologic assessment of the nasal airway is rhinomanometry. 9 Air pressure (P) and flow (Q) can readily be measured using rhinomanometry, enabling the determination of nasal resistance (R) using the formula ⌬P=QϫR. A reduction of 62.5% to 75% in total nasal resistance has been shown 1 year after ITR procedures. 1 With total turbinectomy, 10 a 56.8% reduction in nasal resistance was documented at 1 year. There are, however, certain limitations with the rhinomanometric approach. The state of nasal vasocongestion at any given time will greatly affect the resistance determination and could obscure and confound interpretation of the direct surgical effect. Even with topical decongestion to reduce this congestion factor, there is a lack of correlative geometric information regarding the location and amount of tissue reduction that produces specific local and transnasal aerodynamic effects.
Using a theoretical approach, one could construct a model of the nasal passages and apply the methods of fluid mechanics to compute the detailed airflow and pressure information. Then pressure and airflow data could be recomputed after a specific simulated surgical intervention on the model to demonstrate the aerodynamic consequences of the surgery. The governing equations for fluid flow through a conduit are precisely described by the NavierStokes equations. 11 Since formulation of the Navier-Stokes equations nearly 200 years ago, exact mathematical solutions have been found only for the simplest geometric configurations. It is only with the advent of computational fluid dynamics (CFD) methods and powerful computer technology that solutions to the Navier-Stokes equations can be closely approximated by numerical methods and applied to complex conduit shapes such as that of the nose.
Detailed nasal airflow analysis has been undertaken in various human nasal models. [12] [13] [14] [15] At lower airspeeds, which correspond to resting breathing rates, airflow is predominantly laminar, and the models yield pressure and velocity data similar to those obtained in large-scale laboratory physical models. 12, 14, 16 Descriptions of the potential utility of CFD for the analysis of nasal surgical planning have been reported, 13, [17] [18] [19] but data on the effects of ITR are limited. A recent study 17 using CFD found increased turbulent effects after total turbinectomy but did not present the detailed pressure and flow analysis.
In the present study, we modified an established CFD model of a human nose 12 to determine the aerodynamic effects of a unilateral ITR procedure. This effort constitutes our first step toward the goal of developing an approach to the mathematical analysis of nasal airway surgery. In addition, the findings should provide insights into nasal aerodynamics of general physiologic interest.
METHODS
This study was based on a human nasal model previously reported in detail. 12 The highlights are summarized herein to familiarize the reader with the methods. The patient on whom the mathematical model was based was a healthy, nonsmoking, 53-year-old white man with no nasal complaints or history of sinonasal disease. A magnetic resonance image of the head was obtained consisting of a coronal reconstruction in serial 3-mm sections. A 3-dimensional, high-resolution finite element mesh was generated from digitized tracings of the magnetic resonance imaging coronal sections, with intermediate sections estimated using computer-aided design software 20 between adjacent magnetic resonance images. The resulting finite element grid had 165 083 interconnected nodes forming 135 360 six-sided brickshaped elements (Figure 1 ). For this investigation, a quiescent cyclic breathing rate of 7.5 L/min (125 mL/s) was chosen. Because the computational model simulated steady-state (noncyclic) airflow, the total nasal inspiratory airflow rate was set to 15 L/ min. This fixed airflow rate was imposed at the nostrils, with a uniform velocity profile (plug flow) apportioned between the left and right nostrils according to the cross-sectional area (CSA). The right nostril had a CSA of 0.57 cm 2 , and the left nostril had a CSA of 0.70 cm 2 ; accordingly, the assigned airflow was 6.74 L/min on the right (44.9% of the total) and 8.26 L/min on the left (55.1% of the total).
Under steady-state conditions, the Navier-Stokes and continuity equations describing viscous fluid flow 21 are formulated as follows:
where is the mass density of air (1.196ϫ10 −3 g /cm 3 ); u, the velocity vector having x, y, and z components (in centimeters per second); ٌ, the gradient operator, ie; A software package (FIDAP CFD; Fluent Inc, Lebanon, NH) was used to solve the Navier-Stokes equations for pressure and velocity components at each nodal point in the finite element grid. The main assumptions of the CFD method used herein are steady-state flow and incompressibility of air; the latter is an acceptable assumption at physiologic airflow rates. The boundary conditions were set as follows:
1. A no-slip condition was imposed at airway walls, meaning that air velocity was set to zero at the surface of the nasal membranes.
2. A stress-free condition was imposed at the outlet, meaning that pressure (p) was required to be close to zero at the lower nasopharynx.
3. Plug flow was imposed at the inlet, meaning that all velocity vectors were the same length and of perpendicular orientation to the nostril surfaces.
The results of this airflow simulation are in good agreement with experimental measurements reported in the literature for similar flow rates and were presented and discussed previously. 12 A left ITR was modeled by modifying the original serial coronal tracings to effect a 2-mm circumferential soft tissue reduction in each section over the full length of the inferior turbinate, with tapering of the tissue reduction at the anterior and posterior ends of the turbinate (Figure 2) . After construction of the modified finite element mesh, the baseline and modified nasal models were processed using FIDAP CFD. Computational output was visualized using a software program (Fieldview; Intelligent Light, Lyndhurst, NJ). Pressure and airflow data were compared at selected coronal levels before and after the simulated left ITR. Airflow distribution in the nose was determined by calculating volumetric flow allocation across representative coronal sections from anterior, middle nasal, and posterior portions of the model.
RESULTS
Computer-simulated ITR produced a marked broad reduction in intranasal pressures along the full length of the affected nasal passage (Figure 3 ). This reduction in simulated pressure was greatest anteriorly in the nose (approximately 59%) and was less striking in the posterior portion of the nasal passage (approximately 17%) ( Table 1) . Simulated pressure changes were not limited to the immediate vicinity of the inferior turbinate; even the proximal valve region, which had no change in CSA because of the ITR, still had a large reduction in pressure. We found that, in general, the pressure reduction from simulated ITR in a given nasal region did not correlate with enlargement in the CSA in that same region (Table 1) . Pressure outputs for representative coronal sections (Figure 4) showed that the pressure reduction was manifest diffusely on the side of the ITR (Figure 5) .
Mean airspeeds from the model showed a trend opposite that of the pressures: mean airspeeds changed little anteriorly, despite the large decline in pressure, whereas mean airspeeds were estimated to decrease more than 20% posteriorly (Table 1) . Mean airspeed in the anterior valve region was estimated to be 152 cm/s before ITR and 150.5 cm/s after ITR. Peak airspeeds were approximately double the mean airspeeds in both cases. In fully developed laminar fluid flow, the velocity profile across a cylindrical conduit assumes a parabolic configuration, with the peak velocity being exactly double the mean velocity. Although not a main focus in this study, a sampling of velocity profile plots from the septum to the turbinates in the middle caval region generally showed irregular parabolic forms consistent with disturbed and incompletely developed laminar airflow. Simulated ITR also affected relative airflow distribution in the nasal passages ( Figure 5 and Table 2 ). After ITR, more air was predicted to flow inferiorly in the passages, with accordingly less airflow in the middle and upper levels of the nasal passages. In the nasal valve region, there was minimal change in relative airflow in the lower and middle levels, whereas the redistribution toward increased inferior nasal airflow was prominent at the middle cavum and posterior cavum levels. Dorsal nasal airflow was reduced from its modest baseline levels at the valve and in the nasal cavum.
COMMENT
The CFD simulations predicted that conservative ITR produces marked changes in nasal pressure, airspeed, and relative airflow distribution throughout the nasal passages. These effects were not localized to the ITR region. For example, a nearly 60% decline in pressure was calculated at the proximal valve region, although virtual tissue reduction in the modeled ITR reached only the distal or bony valve segment. 22 The decrease in simulated pressure at any given coronal level did not correlate with the amount of increase in CSA for that section. These complex responses highlight the sometimes nonintuitive nature of nasal passage aerodynamics and strengthen the case for applying computational methods to the study of nasal surgery.
We recognize that our model, which was based on fixed flow at the nasal inlet, does not reproduce the physiologic situation of a net transnasal pressure difference, which is the usual driving force for airflow. Under true physiologic conditions, ITR is likely to produce increased airflow for the same transnasal pressure difference rather than a lower pressure decline for fixed airflow, as demonstrated in the present study. Therefore, it is instructive to derive an overall nasal resistance value from our flow and pressure simulations, enabling us to estimate how much airflow should change in the physiologic condition for a given transnasal driving pressure. Using the ⌬P=QϫR formula for the specified flow rates, the simulated transnasal resistance for the left nasal passage before ITR was 0.125 Pa/cm 3 per second and after ITR was 0.053 Pa/cm 3 per second. Thus, a 57% decline in unilateral nasal resistance resulted from the simulated left ITR. Although our model was based on the nasal anatomy of an asymptomatic individual, the resistancelowering effect of simulated ITR on nasal resistance was similar to that reported for clinical ITR reduction in patients with nasal obstruction. 1 On the right side (not subjected to turbinate reduction), the simulated resistance was 0.145 Pa/cm 3 per second. Total nasal resistance, calculated using the formula for parallel resistors (1/R total =1/R left ϩ 1/R right ) was calculated to be 0.067 Pa/cm 3 per second before left ITR and 0.039 Pa/cm 3 per second after ITR, for an overall reduction in nasal resistance of 42.1%. This dramatic effect, predicted to result from a modest change in inferior turbinate size, suggests that physiologic changes in turbinate size due to variations in the state of vasocongestion would similarly affect nasal airway resistance. For example, topical nasal decongestion was reported to lower nasal resistance by 37%. 9 The calculated resistance values in the previous paragraph are somewhat lower than reported clinical values, 23 which consisted of mean combined nasal resistances of 0.14 Pa/cm 3 per second in unobstructed noses and 0.09 Pa /cm 3 per second in decongested noses. As Cole 23 noted, nasal airflow resistances are calculated at a given transnasal pressure difference, usually 100 or 150 Pa. Resting tidal breathing in adults generates pressure differences less than 100 Pa, and thus lower resistance values less than 0.10 Pa/cm 3 per second may be found in normal noses. 23 The transnasal pressure difference between the nostrils and the nasopharynx in the baseline model was predicted to be just greater than 18 Pa at a total bilateral flow rate of 15 L/min. Other investigators, 16 ,24 using large-scale physical models of the human nose, have also reported relatively low transnasal pressure differences at similar flow rates. This is lower than pressure declines typically recorded in clinical airflow measurements. The difference in pressure declines between CFD/experimental and clinical situations requires further investigation. One concern is the possibility of overestimation of airspace regions because the air-soft tissue interfaces are subjectively selected from the original images. Also, an airflow-induced shift of compliant nasal soft tissues during respiration could narrow the passage and produce a greater transnasal pressure decline than that seen in our fixed-wall model.
Undetected turbulence is another factor that could significantly affect the transnasal resistance estimate in our results. Although low airflow rates (Ͻ200 mL/s) are generally associated with disturbed-or near-laminar flow in the nose, 16, 24 the presence of turbulence would increase the total nasal resistance. Hahn and colleagues 16 measured a mild turbulence intensity of approximately 1.5% to 2.2% at low airflow rates in a large-scale physical model of the nose. Whereas in purely laminar flow the resistance increases in proportion to velocity, with turbulent flow the resistance increases approximately as the square of velocity. 25 The simulations presented herein are based on a numerical solution of the full set of nonlinear NavierStokes equations. Although these equations theoretically describe laminar and turbulent flow and secondary flows like swirls, their numerical solution will not fully characterize turbulence due to computational limitations, particularly those related to grid size. Preliminary tests with a higher mesh density have indicated that at 15 L/min, effects due to mesh density are small, on the order of a few percent. Although probably not a major factor for the low flow rates used in the present study, the general issue of turbulence in nasal airflow and nasal modeling needs further clarification.
The numerical model described herein used fixed plug flow at the nostrils, that is, a fixed airflow rate at the nostrils, rather than pulled flow, based on a negative pressure set at the nasopharynx. Preliminary attempts at pulledflow simulations to date were made by either imposing a pressure decline across the model or specifying outflow velocities. These simulations to date have been unsuccessful for physiologic flow rates owing to failure of the equations to converge, meaning that a reliable numerical solution could not be achieved. The computational difficulty is not yet known for the applied pressure decline case, but in the applied velocities case, it seems to result from the complex flow patterns in the nasopharynx, which make initiation of the flow simulation there difficult. In contrast, at the anterior nasal inlet, airflow is more well behaved as it quickly channels into the nasal valve area. This, in turn, allows for convergence of the iterative numerical methods to produce a usable output. We believe that the development of pulled-flow models, which more directly represent the physiologic inspiratory mechanism, will be worthwhile for further study of nasal aerodynamics.
In summary, CFD methods can be applied to the aerodynamic study of surgically altered nasal airways. There are many methods of turbinate reduction, and the present study examined only 1 relatively conservative reduction pattern. As methods of mesh generation and airflow simulation are improved, a series of comparative simulations should enable determination of optimal anatomic configurations and serve as a guide for planning nasal airway surgery. 
